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PRESSURE AND HEAT-TRANSFER DISTRIBUTION ON THE 

AFTERBODY OF A LIFTING MEECURY-TYPE CAPSULE 

AT MACH NUMBER 15 IN HELIUM* 

By Joseph G .  Marvin 

SUMMARY 

Afterbody pressure and heat- transfer  d is t r ibu t ions ,  shock-wave shapes, and 
photographs of l o c a l  flow conditions were obtained on a capsule configuration 
capable of a l i f t i n g  entry.  The t e s t  body consisted of a segment of a sphere 
attached to a rear-facing conical afterbody with a cone angle of 53’. 
radius w a s  equal to the  maximum body diameter. 
15 i n  helium a t  a Reynolds number based on maximum body diameter of l . 5 X 1 0 6  and 
over an angle-of-attack range from Oo to 30’. 

The sphere 
Data were obtained a t  Mach number 

The flow over the  windward side of the afterbody changed from separated to 
attached with increasing angle of a t tack .  
transfer coef f ic ien ts  agreed with a predict ion for laminar separated flow 
obtained when measured surface pressures were used to determine l o c a l  flow con- 
d i t ions .  
moved from the  most rearward point on the  afterbody toward the  shoulder with 
increasing angle of a t tack .  

A t  zero angle of attack, the heat- 

A heat- t ransfer  coef f ic ien t  peak on the  windward side of the afterbody 

A method w a s  developed to corre la te  heat- transfer  rates measured i n  helium 
with those obtained i n  a i r .  
with heating rates measured on t h e  Mercury MA-5 f l i g h t .  

The method i s  used to compare wind-tunnel r e s u l t s  

INTRODUCTION 

Aerodynamic l i f t  on a capsule entering the  e a r t h ’ s  atmosphere has w e l l -  
known advantages and can be achieved with a Mercury type capsule by trimming it 
a t  angle of a t tack.  
indicate  t h a t  the  maximum heating rates on the  conical afterbody of the  Mercury 
capsule increase from about 2 to 20 percent of the  stagnation value as the 
capsule a t t i t u d e  changes from 0’ t o  20° angle of a t tack .  

(See r e f s .  1 and 2.)  However, wind-tunnel measurements 

(See ref .  3.) The 
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afterbody i s  surr 
and f l i g h t  tes t  w i l l  be required to determine the  real nature of the  afterbody 
flow and to make possible a general ana ly t ica l  treatment which w i l l  allow mini- 
mum weight thermal protection systems to be achieved. The purpose of t he  
present t e s t s  was :  (1) to obtain afterbody pressures and heat- transfer  data at 
higher Mach nunibers than have previously been a t ta ined and to compare the  
results with theory; (2) t o  obtain some knowledge of t he  extent of flow separa- 
t i on  a t  angles of a t t ack  and i t s  subsequent e f f ec t  on heat transfer; (3) to 
compare these heat- transfer  results obtained in  helium with data  obtained i n  air ,  
and to extend and compare t he  wind-tunnel r e su l t s  to ac tua l  f l i g h t  conditions. 

extensive wind-t unnel 
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SYMBOLS 

thermal capacitance per un i t  area of t e s t  body w a l l  

specif ic  heat at  constant pressure 

specif ic  heat a t  constant volume 

maximum body diameter 

s, 
Tr - Tw 

heat- transfer  coeff ic ient ,  

r a t i o  of l o c a l  heat- transfer  coeff ic ient  t o  the  stagnation point 
heat- transfer coeff ic ient  a t  zero angle of a t t ack  

f l u i d  enthalpy, cpT 

r a t i o  of the  enthalpy evaluated at the  recovery temperature and sur- 
face pressure to the  enthalpy evaluated at the  stagnation point  
temperature and pressure 

f l u i d  thermal conductivity 

Mach number 

hD Nusselt number based on maximum body diameter, - 
k 

hx Busselt number based on length of boundary-layer run, - 
k 

Prandtl  nwriber, - CPlJ- 
k 

pressure 

r a t i o  of afterbody surface pressure t o  impact pressure a t  the  free-  
stream Mach number 
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heat -transf e r  area 

the  maximum body diameter 

number per  uni t  length, - PU 

number based on length of boundary-layer run, - P a  

number based on maximum body diameter, - P f l  

P 

P 

P 

along the  body surface measured from the  stagnation point 
with the  body a t  zero angle of a t tack  

Stanton nunher, - h 

t emperature 

reference enthalpy temperature 

f l u i d  ve loc i ty  

r a t i o  of f l i g h t  ve loc i ty  to ent ry  veloci ty  

length of boundary-layer run 

coordinates defined i n  f igure 1 

angle of a t tack  measured between the  axis  of symmetry and the  free-  

PUCp 

stream vector 

r a t i o  of f l u i d  specif ic  heats, - cP 
cv 

time 

f l u i d  v iscos i ty  

f l u i d  densi ty  

azimuth angle as defined i n  f igure 1 

t h e  difference i n  angle between t h e  free-stream direct ion and upper 
meridian of the  afterbody surface 

exponent on power l a w  var ia t ion  f o r  v iscos i ty  

propert ies  evaluated a t  the reference enthalpy temperature, T' 
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air  

helium 

stagnat ion-point value 

evaluated at  recovery temperature 

t o t a l  conditions ( i . e . ,  conditions t h a t  would ex i s t  i f  the  gas were 
brought to r e s t  isentropical ly)  

evaluated at the  w a l l  

conditions behind a normal shock wave 

f ree-  stream value 

Tunnel 

The t e s t s  were conducted i n  the  Ames Hypersonic Helium Tunnel at a free-  
stream Mach nutriber of 15 and a free-stream Reynolds nunbeg of O.74X1O6 per inch. 
Nominal operating t o t a l  temperature and pressure were 545 
f a c i l i t y  i s  a blowdown tunnel equipped with an axisymmetric contoured nozzel and 
a 20-inch diameter t e s t  section. 
reference 2. 

R and 1200 ps ia .  This 

For a complete description of t h i s  f a c i l i t y  see 

Instrumentat ion 

All data were recorded on magnetic tape by a Beckman Model 210 high-speed 
recording system, a l so  described i n  reference 2. 

S t a t i c  pressures on the  model surface were measured with vibrat ing diaphragm 
pressure c e l l s .  
damping charac ter i s t ics  of a vibrat ing diaphragm immersed in  the  t e s t  gas. 
description of t h i s  c e l l  i s  given i n  reference 4. 
range from approximately 10-l to 30 mm Hg with a maximum error  of +5 percent of 
reading over the  f u l l  range. 
pressure c e l l s  were located i n  the  model support. Between t e s t  runs, t he  pres- 
sure c e l l s  were connected to a vacuum chamber i n  order to prevent contamination 
by condensible vapors. 

These c e l l s  measure pressure over a wide range by sensing the  
A 

The c e l l s  used had a pressure 

To shorten the  pressure tubing to the  model, t he  

Model surface temperatures were obtained from t h e  emf output of 40 gage 
c hromel-con st ant an thermocouples s inside of a thin-shelled 
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t e s t  model. Individual te&p exe rkcw*dwl’ 
precision of the  temperature measurements w a s  11’ F. 

Model 

Detai ls  of the  model and instrumentation locat ions a re  shown i n  f igure 1. 
The model consisted of a sewent  of a sphere attached to a rear-facing conical 
afterbody with a cone angle of 33’. The sphere radius i s  equal to t he  maximum 
body diameter. 

Stainless  s t e e l  models were used f o r  the  pressure and heat- transfer t e s t s .  
The heat- transfer model w a l l  thicknesses were 0.125 and 0.017 inch f o r  the  fore-  
body and the  conical afterbody, respectively.  These r e l a t ive  thicknesses were 
chosen i n  an attempt to achieve isothermal temperature conditions over the  
en t i r e  body during the  data  gathering portion of the  t rans ient  heat- transfer 
t e s t s .  
as shown i n  f igure  2 (a ) ,  i n  an attempt to minimize interference between the  
s t i n g  and the  flow over the  afterbody. 
was confined to t he  section of the  model opposite the  s t ing  support. The s t ing  
and model were rotated i n  the  support strut to obtain da ta  at  d i f ferent  azimuth 
angles. 

f igure 2(b) .  
The upper portion of the  s t r u t  w a s  removable, and addi t ional  i n s e r t s  were used 
to vary the  angle of a t tack .  

The pressure and heat- transfer  models were mounted on an o f f se t  s t ing,  

A l l  instrumentation i n  the  afterbody 

A t h i r d  model used f o r  afterbody flow visua l iza t ion  t e s t s  i s  shown i n  
This model w a s  b rass  and was mounted on a v e r t i c a l  Bakelite s t r u t .  

TEST METHOD 

Pressure Tests 

Pr ior  to each pressure t e s t  run, the  vibrat ing diaphragm pressure c e l l s  
were connected t o  a b e l l  j a r  and cal ibrated i n  a helium atmosphere. After C a l i -  

brat ion,  they were connected to the  model and the  t e s t  section w a s  evacuated and 
purged with helium to assure t h a t  helium gas f i l l e d  the  c e l l s  and re la ted  tubing. 
The tunnel w a s  s t a r t ed  with the  model at zero angle of a t tack .  After supersonic 
f low was  established, the  model w a s  positioned a t  the  desired angle of a t tack  
and kept there  u n t i l  a constant value of pressme w a s  recorded by the measuring 
c e l l s .  
a t tack .  

During each t e s t  run, da ta  could u s u a l l y b e  taken at  t w o  angles of 

Heat-Transfer Tests 

Heat- transfer data  were obtained by a t rans ient  temperature technique. 
Before each run the  heat- transfer model was heated o r  cooled with nitrogen gas. 
The nitrogen gas w a s  passed through the  r ea r  of the temperature control  probe 



( f i g .  2 ( a ) )  and 
afterbody temperatures during these t e s t s  w a s  0.8 < Tw/Tt < 1.1. The tunnel w a s  
s t a r t ed  with the  temperature control probe i n  f ron t  of the model. When super- 
sonic flow w a s  established, the  probe w a s  ra i sed  to t h e  top of the  t e s t  section, 
and then the  model w a s  positioned a t  the  desired angle of a t tack.  This sequence 
of operations took l e s s  t h a t  0.5 second. The model remained nearly isothermal 
through the data gathering period (1 sec) The temperature difference between 
adjacent thermocouples never exceeded 100 R and i n  most instances w a s  l e s s .  
measured w a l l  temperatures were used to estimate skin-conduction heating rates 
which were found to be negl igible  compared to t h e  convective heating rates. 

e range of model 

The 

Heat-Transfer Data Reduction 

Normally, the  heat- transfer r a t e  through the model w a l l ,  neglecting 
conduction and radiat ion terms, can be re la ted  t o  t h e  aerodynamic heat- transfer 
r a t e  by the  following equation taken from reference 5 :  

q w - c - =  - dT h(Tr-Tw) de 
For the  present t e s t s ,  however, equation (1) w a s  modified to account f o r  s m a l l  
changes i n  t o t a l  pressure and temperature which occurred during the i n i t i a l  por- 
t ion  of the  heat- transfer t e s t  runs. 
and pressure in to  equation (1) , the following method w a s  used. 
body, the heat t r ans fe r  w a s  assumed to behave i n  a manner s i m i l a r  to t h a t  within 
a two-dimensional laminar boundary layer .  

In  order to introduce t o t a l  temperature 
Over the a f t e r -  

Equation (1) w a s  rewritten as : 

The TI 

for viscos i ty  were used t o  obtain: 
method and modified Reynolds analogy along with a power l a w  var ia t ion  

Substi tution of equation (3) with w = 0.647 f o r  helium 

( 3 )  

changes equation (2) t o  

where Kl and K2 a re  constants and F(&) contains t h e  terms T/Tt and p/pt. 
For s m a l l  changes i n  t o t a l  pressure and temperature, equation (4) can be 
approximated by : 
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It can be shown t h a t  equation (5) a l s o  appl ies  f o r  stagnation point flows. 
parison of equations (1) and ( 5 )  shows t h a t  X 3  i s  the  heat- transfer coeff icient  
(h) divided by the  square root of the  t o t a l  pressure. 
of t e s t s ,  t h e  r a t i o s  of maximum to minimum t o t a l  pressure and temperature f o r  a 
s ingle run were never la rger  than 1.03 and 1.10, respectively.  In  l i g h t  of the  
s m a l l  var ia t ion  i n  t o t a l  pressure,  it was expected t h a t  K3 would be a constant 
f o r  any given run. 
and heat- transfer coeff ic ients .  

Com- 

During the present s e r i e s  

Equation ( 5 )  w a s  used to obtain l o c a l  recovery temperature 

Representative heating-rate data  are  presented i n  f igure 3 f o r  the  
stagnation point and f o r  a t y p i c a l  afterbody s t a t ion .  
d i f f e ren t  i n i t i a l  wall  temperatures are  p lo t ted  i n  the  form given by equation ( 5 )  
to i l l u s t r a t e  the  data-reduction technique. 
ated by d i f f e ren t i a t ing  the  time-temperature h is tory  by a var ia t ional  differenc-  
ing technique programmed on an IBM 7090 computer. 
temperature i s  defined as  the  w a l l  temperature f o r  zero heat- transfer r a t e .  
shown i n  f igure 3 (a) , the  stagnation-point recovery temperature w a s  equivalent 
t o  the  free-stream stagnation temperature. This, along with the  f a c t  t h a t  the  
data  assume a l i n e a r  var ia t ion  with Tw/Tt, tends to ver i fy  experimentally the  
form given by equation ( 5 )  . 

In  t h i s  f igure,  da ta  at  

The heat- transfer r a t e  was evalu- 

The recovery o r  adiabatic w a l l  
As 

Flow Visualization 

Two methods were used to obtain information on the  shock-wave shape and 
afterbody flow. 
the  complete range of angles of a t tack during the  pressure t e s t  runs. 
wave shapes were measured from these shadowgraphs. Detai ls  of the  afterbody flow 
were obtained by u t i l i z i n g  a glow discharge between a specia l ly  constructed model 
and a grounding electrode. 
i so la ted  model was increased u n t i l  glow was established between the  model and a 
grounding electrode. 
insure t h a t  any disturbances or iginat ing from the  probe did not in t e r fe re  w i t h  
the  flow over the  afterbody. 

Shadowgraphs of the  model and shock-wave system were taken over 
Shock- 

The direct-current po ten t i a l  of the  e l e c t r i c a l l y  

The electrode w a s  located f a r  enough from the  model to 

RESULTS ARD DISCUSSION 

Flow Visualization 

Shadowgraphs and afterbody glow photographs a r e  presented to give a 
composite p ic ture  of the  flow over t h e  t e s t  body. 
shock wave with respect to the  model a t  various angles of a t tack  i s  shown i n  the  
shadowgraphs of f igure 4. 

The orientat ion of the  bow 

I n  general, with increasing angle of a t tack ,  the  shock 
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wave over t he  wllo c i n i t y  of the  stagnation 
point moves toward t he  body and becomes more curved. 
shapes f o r  the  complete range of angles of a t t ack  a re  presented i n  f igure  5. 
The coordinate system used here i s  defined i n  f igure  1. 

The measured shock-wave 

The flow over the  afterbody, as obtained from the  glow-discharge technique, 
i s  shown i n  f igure  6.  
believed t o  be separated flow regions. 
t h i s ,  t h e  changes i n  these regions resu l t ing  from changing the  model angle of 
a t t ack  appear t o  support t h i s  in terpreta t ion.  Later i n  t he  report ,  a comparison 
of the  regions of flow separation and reattachment as indicated i n  the  photo- 
graphs and as indicated by pressure and heat- transfer  data  a l so  tend t o  support 
t h i s  in terpreta t ion.  
corona discharges and appear to have no physical meaning with regard t o  the  flow 
over the  body. 
then de f in i t e  flow separation regions ex i s t  over the  en t i r e  afterbody at  Oo'and 
10' angle of a t tack,  and at  l e a s t  over the  leeward side f o r  the  l a rger  angles. 
On the  most windward side a t  15' angle of a t tack,  t he  f l o w  appears t o  a t t ach  
near the  end of the  cone, and a t  20°, t he  attachment moves f a r the r  upstream 
u n t i l  a t  26-1/2' t he  flow i s  completely attached. 

The white regions outside t he  model s i lhouet tes  a re  
While there  i s  no de f in i t e  evidence of 

The high i n t ens i t y  spots on the  afterbody surface are 

If the  above in terpreta t ion of  t he  white regions i s  correct  

Pr e s sur e D i s t r ib  u t  ion 

It i s  of i n t e r e s t  to examine the  measured surface pressures to see whether 
the  separated and attached regions indicated by the  flow visual izat ion can be 
iden t i f i ed .  
theore t ica l  predict ions.  

I n  addition, t he  measured pressures w i l l  be compared with various 

Figure 7 presents t he  normalized measured surface pressures on the  most 
windward meridian of the  t e s t  body plot ted against  the  normalized distance along 
the  body surface. The pressures on t he  afterbody decreased s l i gh t ly  as angle of 
a t tack w a s  increased up to 10 . Further increases i n  angle of a t tack caused t he  
maximum afterbody pressure t o  increase and move from a rearward posi t ion on t he  
body toward the  shoulder. 

0 

To obtain a b e t t e r  understanding of the conditions of the flow over the  
afterbody, the  pressure f o r  attached and separated f l o w  a t  zero angle of a t t ack  
estimated by two-dimensional Prandtl-Meyer theory i s  included i n  f igure 7. The 
assumed expansion angles (see sketch (a) ) are  
b - a/2 The s t r a igh t  sonic l i n e  w a s  assumed to extend from 
the  model corner forward t o  the shock wave a t  an angle of 45' with the free-  
stream veloci ty  vector.  These assumptions and t h e i r  l imi ta t ions  were discussed 
i n  reference 6 .  The comparison of Prandtl-Meyer theory and measured surface 
pressures a t  zero angle of a t t ack  indicates t h a t  the  flow over the  afterbody is 
separated and substantiates the  in terpreta t ion of the  flow visual izat ion pic- 
tu re s .  Also, the  comparison seems to lend some ju s t i f i c a t i on  fo r  the  simplifying 
assumptions involved i n  applying the  theory. 

a - a/2 f o r  attached f l o w  and 
f o r  separated flow. 

A s  pointed out i n  reference 6, 
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Seporotion streamline from r fig. 6 ,  a = oo 

\ 
Sketch (a) 

three-dimensional flow theory predicts only slightly lower surface pressures than 
these calculated for two-dimensional flow, and, hence, has not been shown in the 
present comparison. 

With increasing angle of attack, the afterbody glow photographs indicate 
that reattachment did occur and the pressure data seem to substantiate this con- 
clusion. The dashed curve in figure 7 is the reattachment pressure estimated by 
the two-dimensional theory given in reference 7, and is in fair agreement with 
the maximum pressures measured on the afterbody at 20' angle of attack. 
application of theory, the total pressure along the separation streamline was 
assumed to be the reattachment static pressure. For angles of attack greater 
than 20°, the lower pressure near the corner, resulting from expansion of the 
flow around the corner, followed by a higher pressure is characteristic of 
attached flow. 

In the 

(See, e.g., the data of ref. 8.) 

In figure 8 the normalized surface pressures on the afterbody are plotted 
against azimuth angle for fixed distances along the afterbody and over a range 
of angles of attack. In general, on the windward side of the afterbody, the 
pressures increase with increasing angle of attack. 
the pressures decrease from a maximum value on the most windward meridian to 
about the zero angle of attack value on the most leeward meridian. 

For a given angle of attack, 

It appears that the flow visualization and pressure studies define the 
regions of flow separation and reattachment rather well. 

Heat Transfer 

It is informative to examine the heat-transfer rates measured on the 
afterbody, to show the sxibsequent effect of separation on heat transfer, and to 
compare the measured results with theory. 
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Figure 9 p i s i e  ansfer coeff ic ients  on t he  
most windward meridian p lo t ted  against  the  normalized distance along the  body 
surface fo r  a range of angles of a t tack.  The generd  trend of t he  heat- transfer  
data with angle of a t t ack  follows t h a t  of the  surface pressure data.  The da ta  
show an increase i n  heat t r ans f e r  with increasing angle of a t tack.  A peak value 
of t he  heat- transfer  coeff ic ient  moves toward t he  shoulder with increasing angle 
of a t t ack .  

I n  f igures  9(a) and (b ) ,  t he  measured r e s u l t s  a r e  compared with those 
calculated from laminar f l a t  p l a t e  theory. 
p l ied  by 0.56, the  r a t i o  of average separated flow heat t r ans f e r  to attached 
flow heat t rans fe r ,  as given i n  reference 9. Local flow conditions were obtained 
by assuming an isentropic  expansion from the  impact pressure to the  measured sur- 
face pressures. 
length of run beginning at  the  stagnation point .  A l l  f l u i d  propert ies were eval- 
uated at a temperature given by Eckert' s reference enthalpy method ( r e f .  10) . 
Despite the  simplici ty of t h i s  approach, good agreement between theory and meas- 
urement w a s  obtained at Oo angle of a t tack.  A t  13O angle of a t t ack  agreement 
between the  l eve l  of t he  theory and measurement i s  adequate f o r  
1.5. 
believed t o  be caused by the  l oca l  increase i n  veloci ty  of the  f l u i d  being scav- 
anged from the  separation region (see r e f .  9). 

The laminar results have been m u l t i -  

These theore t ica l  estimates were based on a boundary-layer 

S/R around 
The high heat- transfer  coeff ic ient  jus t  d6wnstrea.m of the  shoulder i s  

The flow visual izat ion and pressure s tudies  indicated reattachment occurred 
about midway on the  afterbody at  20' angle of at tack;  hence, f o r  the  angles above 
l5', comparison with attached laminar f la t  p l a t e  theory i s  made. 
t he  theory, the  length of boundary-layer run w a s  measured along the  surface from 
the  most forward point  on the  spherical  forebody and, therefore,  varied with 
angle of a t t ack .  The theory does not give an adequate representation of  t he  
data .  Transition to turbulent  flow w a s  not considered since estimates of l o c a l  
Reynolds number were below those normally associated with turbulent  flow, and 
since the  increases i n  heat t rans fe r  with 
d i r e c t l y  re la ted  to increases i n  pressure ( c f .  f i g s .  7 and 9) . 
of a t tack,  the  unsymmetrical nature of the  flow may a f f ec t  the  comparison. It 
i s  believed t h a t  t h e  crossflow caused by the  pressure decay around the  c i r c m -  
ference of the  body ( see f i g s .  8( a) and (e)  ) causes a s ignif icant  increase i n  
heat t r ans f e r .  
occurred at  20' angle of a t t ack  where flow visual izat ion and pressure measure- 
ments indicated flow reattachment. This seems t o  indicate  t h a t  t he  flow 
reattaches at  a s m a l l  angle of incl inat ion to the  afterbody surface. 

I n  applying 

S/R and angle of a t t ack  appear to be 
A t  these angles 

It i s  of i n t e r e s t  t h a t  no abrupt l o c a l  increase i n  heat t r ans f e r  

I n  f igure  10, the  normalized heat- transfer  coeff ic ients  a re  plot ted against  
azimuth angle f o r  f ixed distances along the  afterbody and f o r  angles of a t t ack  
up to 300. 
ward side of the  afterbody, the  heat- transfer  coeff ic ients  increase with increas- 
ing angle of a t tack.  
decrease from a maximum on the  most windward meridian ( c p  = Oo) to the  zero angle 
of a t t ack  value on the  most leeward meridian ( cp  = 1800). The heat- transfer  da ta  
i n  f igure  10 follow the  sa.me general pa t te rn  as the  pressure d i s t r ibu t ion  data  
i n  f igure  8. It seems reasonable t o  assume t h a t  t he  regions of separated flow 

Generally, t h i s  f igure  shows t h a t  f o r  a given posi t ion on the  wind- 

Around the  circumference, t he  heat- transfer  coeff ic ients  
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of a t t ack  a r e  those where t h e  heat-trah 
value. For example, a t  26-17 leeward s ide 
of t he  model i s  separated. 

Comparison of Air-Helium Data 

It i s  of i n t e r e s t  t o  compare t h e  present afterbody heat- transfer  da ta  with 
da ta  obtained i n  a i r  on a s i m i l a r  configuration. 
means for evaluating the  present results and a l so  may suggest a means f o r  extrap- 
o la t ing  wind-tunnel data  to f l i g h t  conditions. 

This comparison i s  useful  as a 

I n  f igure l l ( a ) ,  the  present heat- transfer  da ta  a re  compared with a i r  data  
on t h e  conical afterbody of t h e  Mercury configuration from references 11 and 12. 
To account for t h e  difference i n  conical afterbody angles, the  da ta  are compared 
on t h e  b a s i s  of t he  angle ( Y )  which the  f r e e  stream makes with the  afterbody 
surface.  (See f i g .  l ( a )  .) 
avai lable  at iden t i ca l  values of 
at approximately t h e  same Y . )  
are a t  zero angle of a t tack,  but  agree l e s s  favorably at  t h e  higher angles of 
a t tack .  

(For those cases where a i r  and helium data were not 
Y, a comparison i s  made between s e t s  of data  

The da ta  compare favorably when the  two bodies 

Differences between the  heat  t r ans fe r  f o r  air and helium might be expected 
because of a number of e f fec ts ,  i n  addi t ion t o  the bas ic  difference i n  the  t e s t  
gases. 
(26-1/20 and 20° afterbody angle, a continuous conical afterbody compared with a 
cone cylinder);  the Reynolds numbers and Mach numbers were different ;  t he  t e s t s  
w e r e  conducted i n  d i f fe rent  wind tunnels and somewhat d i f f e ren t  data gathering 
and analysis  techniques were used. 
ence the  l o c a l  flow conditions over the  model. If l o c a l  flow conditions could 
be calculated, adjustments accounting f o r  these differences could be made and 
could thereby provide a method f o r  comparing helium r e s u l t s  with a i r  data .  To 
obtain a basis f o r  comparison, the  stagnation-point heating relat ionship given 
i n  reference 13, 

For example, the model configurations i n  f igure l l ( a )  were d i f fe rent  

The above-mentioned differences mainly inf lu-  

and t h e  Newtonian ve loc i ty  gradient at the  stagnation 
given i n  reference 14, 

( 6) 

point  f o r  hypersonic flows 

were conibined with the  relat ionship used f o r  obtaining t h e  separated flow theory 
i n  f igure  g(a) , 



- *  

to obtain the  f o  

The subscripts  A and H r e f e r  t o  air  and helium gases, respectively.  Equa- 
t i o n  (9) can be wri t ten  f o r  comparison of any two gases or any two d i f fe ren t  
tes ts  i n  the  same gas by appropriate subscript changes. For the  da ta  of f i g-  
ure l l (a )  only s m a l l  changes a re  predicted as is  shown i n  f igure  l l ( b )  , where 
equation (9) w a s  used t o  adjus t  the  present da ta  and those of reference 12. 
three  sets of data  compare about equally well  i n  both p a r t s  of f igure  11. 
Although t h i s  comparison i s  inconclusive, it i s  believed t h a t  equation (9) pro- 
vides a means f o r  corre la t ing wind-tunnel and f l i g h t  data  a t  l e a s t  f o r  t he  lower 
angles of a t t ack  where helium and air  data  are i n  agreement. 
by comparing estimated heating r a t e s  from wind-tunnel results with ac tua l  f l i g h t  
data .  
wri t ten  as follows: 

The 

This i s  i l l u s t r a t e d  

Using the  cold-wall approximation, the  f l i g h t  heating-rate r a t i o  can be 

where t he  value of (h/ho)A i s  obtained from equation (9) using the  subscript 
t o  represent the  real-gas quant i t i es  as estimated from t r a j ec to ry  information. 
A comparison of measured heating-rate ra t ios  and estimated ratios using equa- 
t i o n  (10) fo r  the  Mercury MA-5 f l i g h t  i s  presented i n  f igure  12. 
were obtained by Kenneth Weston and Archie Fitzke of the  NASA Manned Spacecraft 
Center. 
midway on the  conical  afterbody indicates  t h a t  t he  capsule w a s  a t  s m a l l  angle of 
a t tack.  
i t y  t o  entry  veloci ty .  Two estimated equilibrium heating- rate r a t i o s  are shown: 
One, obtained by s e t t i ng  t he  Prandtl  number r a t i o  i n  equation (9) t o  unity, and 
the  other by using the  Prandtl  number r a t i o  obtained from the  a i r  proper t ies  
given i n  reference 15. I n  order to obtain the  f l i g h t  l o c a l  flow conditions, 
thermodynamic equilibrium w a s  assumed and the  surface pressure w a s  estimated 
from the  corre la t ion of a i r  wind-tunnel results presented i n  reference 3. 
equation (lo), the  enthalpy r a t i o  (Hr/G) w a s  assumed to be 0.87, the  experi- 
mental value obtained during the  present tes ts  at  
librium heating-rate r a t i o s  from equation (10) compare very well  with t he  
measured r a t i o s  f o r  0.6 < 5 < 0.95. 
pendence f o r  values of Ti < 0.85. 
independence f o r  0.6 < 5 < 0.85. 
f o r  
e i t he r  of which i s  not within the  scope of equation (10) as applied here. 

A 

The f l i g h t  da ta  

The agreement of t he  data  a t  

The heating-rate r a t i o  i s  p lo t ted  against  

~p = 0' and Cp = 160° f o r  a s t a t i on  about 

u, the  r a t i o  of f l i g h t  veloc- 

I n  

a = 0'. The estimated equi- 

The estimates indicate  a Mach n u d e r  inde- 
I n  general, the  f l i g h t  da ta  a l so  exhibit  t h i s  
The rapid increase i n  f l i g h t  heating-rate r a t i o  

U < 0.6 may r e f l e c t  t r ans i t i on  to turbulent  flow or flow reattachment, 

12 



CONCLUSIONS 

A study of t he  afterbody flow over a capsule en t ry  configuration i n  helium 
at  Mach number 15 resul ted i n  t he  following conclusions: 

1. A t  zero angle of a t t ack  the  flow w a s  separated and laminar separated 
flow theory predicted t he  afterbody heat- transfer  coeff ic ients .  

2. The flow over the  windward s ide  of the  afterbody changed from separated 
to attached with increasing angle of a t tack.  
and surface pressures, reattachment occurred on the  afterbody at about 20’ angle 
of a t tack.  No sudden increase i n  heat t r ans f e r  was  found i n  the  zone of 
reattachment. 

A s  indicated by  flow photographs 

3 .  The helium data correlate; with a i r  data for a similar capsule 
configuration up to aa angle of 10 
surf ace. 

between the  f r ee  stream and afterbody 

4. 
t e s t  conditions w a s  found to give an adequate estimate of laminar heating rates 
during the  nonl i f t ing  entry  of t h e  Mercury capsule MA-5 f l i g h t .  

A method t o  adjust  heating r a t e  da ta  on the  basis of differences i n  
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Figure 3.- Graphical method for obtaining the  recovery temperature and heat- 
t ransfer  coefficient a t  the  s2;agnation point and at  a posit ion on the  after- 
body f o r  cp = Oo. 
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Figure 4.- Shadowgraphs of the shock-wave shapes f o r  various angles of attack a t  
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Figure 5 , ~  Measured shock-wave shapes f o r  various mgles  of attack at  r"$ = 15. 
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Figure 6. - Glow-discharge photographs of the flow over the afterbody f o r  various 
angles of attack at M, = 15. 
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Figure ll. - Comparison of afterbody heat- transfer coeff ic ients  measured i n  
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